The soluble fiber (1→3),(1→4)-β-D-glucan has been identified as an active component of oat (Avena sativa L.) that lowers serum cholesterol, reduces the risk of heart disease and colon cancer, and alleviates the symptoms of diabetes. Those beneficial effects may be caused by the ability of β-glucan to generate viscosity in the digestive system. The objective of this study was to estimate the genetic components of variance for β-glucan content and oat slurry viscosity in a population derived from the cross of high β-glucan with elite agronomic oat lines. Twelve high β-glucan inbred lines were crossed with 12 inbred lines with good agronomic performance. The F 3:4 generation was evaluated in 2005 at two Iowa locations. The range in β-glucan content was 37.1 g kg −1 to 73.5 g kg −1 A positive correlation (r 2 = 0.38) was found between β-glucan content and logtransformed viscosity. High β-glucan lines tended to have low grain yield and biomass. Significant variation among families and among lines within families were observable for most traits, suggesting selection for β-glucan content, viscosity, and viscosity deviation should be feasible.
D
ietary fiber is an essential component in the human diet (Kirby et al., 1981 , Davidson et al., 1991 . Increased consumption of this component results in a decreased risk of coronary heart disease. It also reduces the risk of colon cancer, and alleviates the symptoms of diabetes. Standard oat (Avena sativa L.) cultivars contain from 4.5 to 5.0% of the soluble fi ber β-glucan. Large amounts of oat products are not consumed habitually in a Western diet. However, oat varieties with a more concentrated soluble fi ber would reduce the bulk necessary to provide a suffi cient amount of this eff ective component. Therefore, β-glucan content has been proposed as a target for plant breeding programs (Lim et al., 1992; Peterson et al., 1995; Humphreys and Mather, 1996; Doehlert et al., 1997 ).
An important mechanism whereby soluble dietary fi ber lowers glucose, blood cholesterol, and insulin concentrations is their capacity to increase the viscosity of intestinal chime (Welch, 1995) . Viscosity is the thickness or resistance to fl ow of a liquid. Because
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of its functional importance, we propose that the viscosity of oat fl our solutions should be itself a target of selection. Relative to oat β-glucan content, two approaches can be considered to enhance viscosity of solutions. First, regression analyses have shown a positive eff ect of β-glucan content on viscosity (Colleoni-Sirghie et al., 2004; Doehlert et al., 1997) , reinforcing the argument in favor of selecting for high β-glucan content. Second, viscosity does not correlate completely with β-glucan content. Indeed, regression analyses have also shown that the viscosity of some oat lines deviated signifi cantly from the regression prediction, indicating that, for a given β-glucan content, some lines generate more viscosity and some less viscosity (e.g., Doehlert et al., 1997) . Besides β-glucan content, viscosity depends on other oat fl our constituents, and on β-glucan molecular weight and structure (ColleoniSirghie et al., 2003) . Little research has been devoted to understanding the precise relationship between β-glucan molecular weight and structure and its ability to generate viscosity. Nevertheless, diff erences in the β-glucan structure and molecular weight among lines may contribute to whether the lines generate higher or lower viscosity than predicted based on β-glucan content. We call the deviation of viscosity from its prediction based on β-glucan content the viscosity deviation.
To our knowledge, the inheritance of viscosity per se and of the viscosity deviation has not been studied. Plant breeding programs designed to improve the nutritional function of oat germplasm would benefi t from the information on the inheritance of viscosity per se and of viscosity deviation. Previous study has shown that oat β-glucan content is a polygenic trait under the control of genes with mainly additive eff ects, and no interallelic interactions have been found (Holthaus et al., 1996; Kibite and Edney, 1998) .
The objectives of this study were (i) to estimate genetic components of variance for β-glucan content, viscosity, and viscosity deviation in elite agronomic lines, high β-glucan lines, and in their progeny; (ii) to evaluate the diff erences between elite agronomic lines and high β-glucan lines for these traits; and (iii) to use a mating design to detect epistatic interactions aff ecting these traits. These results will enable design of breeding methods to target not only β-glucan content, as has been done in the past, but, more generally, to improve oat nutritional function, thus enhancing the grain's value for producers, processors, and consumers.
MATERIALS AND METHODS

Plant Material
Crosses were made in 2003 between two germplasm sources ( Fig. 1) . Germplasm with high agronomic quality (hereafter referred to as the "agronomic population") came from the Early and Mid-Season Uniform Oat Performance Nurseries coordinated by the USDA (http://wheat.pw.usda.gov/ggpages/ UE-MOPN.html). Germplasm with high β-glucan content (hereafter referred to as the β-glucan population) came from a β-glucan selection study (Cervantes-Martinez et al., 2001) . That program was designed to select oat lines with increased β-glucan content without regard to agronomic performance; therefore those lines were not necessarily agronomically desirable. Twelve lines from each germplasm source were used (Table 1) . A North Carolina Design II (Lynch and Walsh, 1998) with three sets each containing four agronomic parents and four β-glucan parents was used to cross inbred lines (Fig. 2) line of each of the 16 possible agronomic ⋅ β-glucan crosses. Entries were planted in hill plots containing 30 seeds per plot. Hills were spaced 0.3 m apart in perpendicular directions. Each experiment was surrounded by two rows of hills of a standard variety to provide the competition for border plots. Heading date was noted for a plot when half the heads had emerged above the fl ag leaf. Height was measured at maturity. At harvest, plants were bundled and cut at ground level then dried against a fence for a week. Bundles were weighed to obtain plot biomass then threshed to measure grain yield. The β-glucan content and viscosities of a representative of each sample were measured as follows.
Sample Preparation
Oats were dehulled with an air-pressure dehuller (Codema, Eden Prairie, MN). Samples were submitted to dehulling for 90 s, after which grains with hulls remaining were removed. Whole groats were ground in an ultra centrifugal mill (ZM-1, Retch GmbH&Co, Haan, Germany) with a 0.5-mm sieve and with the speed selection set at 1. Strict control of time of milling (30 s), and position of the sieve in the mill were applied.
Viscosity Evaluation
Apparent viscosity (hereafter simply referred to as viscosity) as a function of temperature, time, and stirring was measured using a Rapid Visco Analyser (RVA, Newport Scientifi c, Warriewood, Australia). Four grams of fl our were weighed, and deionized water was added to reach a total weight of 28 g. Flour weights were not adjusted to account for moisture content, but we found very little variability in the latter (data not shown). The temperature and stirring profi les selected were a constant 55°C temperature, Stirring speed was 960 for the fi rst 10 s then 160 until the end of the measurement. We selected the constant 55°C temperature to aid solubilization of β-glucan, but to time of 10 min. Curves were obtained, and the viscosity was expressed in rapid viscosity units (RVU). Some samples showed an identifi able peak viscosity, but for most samples the viscosity reached a plateau in the fi rst few minutes such that it was diffi cult to defi ne a peak. The viscosity measurement analyzed below was the average viscosity from 5 to 7 min on the curve. All measurements were taken in two replications, and the average between two replications was considered the actual value for each sample.
β-glucan Evaluation Using a Micro Enzymatic Method
The β-glucan content in fl ours was determined enzymatically using a mixed linkage β-glucan kit (Megazyme Int., Wicklow, Ireland). Modifi cations were made to the Approved Method 32-23 (AACC, 2000) , which allowed us to increase the number of samples analyzed per unit time and to decrease cost. Solubilization and hydrolization steps were performed according to the standard method (Step 8 in the kit). Thus oat fl our suspension, and β-glucan solubilization and hydrolysis with lichenase all follow the Approved Method 32-23 (AACC, 2000) . From there, 5-μL aliquots were dispensed into the cells of a 96-well plate.
avoid starch gelatinization such that the contribution of starch to sample viscosity was minimal (Chernyshova, 2006) . The measurement of viscosity was recorded every 4 s over a total Five μL β-glucosidase were added, and the plate was incubated for 10 min before 150 μL of glucose oxidase-peroxidase reagent (GOPOD) were added to each cell. With each plate glucose standards of fi ve diff erent concentrations in two replications were included. Therefore, 10 randomly-selected cells on the plate were fi lled with glucose standards. The concentrations were 125, 250, 375, 500, 625 μg mL -1 of glucose in 50 mM sodium acetate buffer. Ten μL glucose standard and 150 μL GOPOD reagent were added to each glucose standard cell. Glucose concentration of the standards was regressed on their optical density. This calibration curve was used to predict the amount of glucose in each sample aliquot, which was in turn converted to a β-glucan content using a modifi cation of the formula given in the mixed linkage kit. Glucose standard concentrations were chosen so that optical densities from samples were located in the middle of the calibration curve. The absorbance at 510 nm was measured within an hour with a spectrophotometer. Because all samples were tested in duplicate, repeatability was assessed by the standard deviation of diff erences between duplicate tests of the same freshly ground subsamples. All results were expressed as grams of β-glucan per kg of moisture-free fl our.
Experimental Design and Statistical Analysis
Lines were planted in an incomplete block design with four replications at each of two environments (Ames and Kanawha). A set, which consisted of four inbred agronomic parents, four inbred β-glucan parents, and 16 F 3:4 progeny lines, was assigned to each incomplete block. In each replication the inbred parents and the 16 families were constant for a given set, but diff erent F 3:4 progeny lines within families were used to represent each family.
Variance components and predictors of line eff ects were estimated in a Bayesian analysis using WinBUGS (Spiegelhalter et al., 2004) . WinBUGS code to fi t the models is available from the corresponding author on request. Separate linear models were used to fi t the inbred parents and the progeny lines, as follows.
where P ijkm is the eff ect of inbred parent k from population j (Popj; j = agronomic or β-glucan) in block i ( Blk i ), and L iabcd is the eff ect of F 3:4 progeny line c derived from the cross between agronomic parent a (Agr a ) and β-glucan parent b (Bet b ) in block i. The linear model for the progeny lines necessitated an additional intercept, λ, that accounted for the fact that the overall progeny line mean might be diff erent from the overall inbred parent mean. The shared term between these two models, Blk i , allowed for improved estimation of block eff ects, since inbred parents were constant across blocks. The prior distribution for block eff ects was normal with a high variance: Blk i ~ N(0, 10 6 ). The large variance ensured that the prior distribution had essentially no infl uence on the block eff ect, and that block eff ects absorbed both location and replication eff ects (Edwards and Jannink, 2006) . The prior for Pop j with j = β-glucan was also distributed as N(0, 10 6 ). To make this eff ect estimable, Pop j for j = agronomic was set to zero. Prior parent eff ects were distributed as Parent k( j = agronomic) ~ N(0, σ ). Note that only a single replication of each progeny line was evaluated such that genetic variation among progeny lines within a cross was confounded with error variation. Such confounding, however, was not the case for the inbred parental lines. The estimation of σ 2 L depends on the assumption that error variances for the inbred parents and for the progeny lines are equal. In the model, this assumption was realized by assuming the same variance for Error m and Error d (σ 2 ). All variance components in turn were given uninformative inverse gamma priors σ 2 · ~ IG(0.001, 0.001) (Edwards and Jannink, 2006) . Viscosity deviations and their variance components were estimated by adjusting viscosity for β-glucan content using the following models.
where β ijkm and β iabcd are the β-glucan contents for the specifi c parental and line experimental units, and δ is the regression coeffi cient of log(viscosity) on β-glucan content that was assumed the same for inbred parents and progeny lines. The prior for δ was δ ~ N(0, 10 6 ). Bayesian analyses provide posterior distributions of parameters which can be used to evaluate probabilities of interest, such as P(λ < 0). Because the posterior probabilities of variances are constrained to being greater than zero, however, they are not well suited to evaluating the "signifi cance" of these variances [indeed P(σ 2 > 0) = 1]. To decide whether a variance should be accounted for and is biologically relevant, a 95% highest posterior density interval can be constructed, and evaluated for its distance from zero (Gelman, 2004) . Here, we used a simple approach that could easily be implemented with standard spreadsheet software to decide whether a variance's highest posterior variance interval contained zero. The variance's posterior median, m, was calculated and the posterior mass between zero and 1/5m determined. If that mass was less than half of the posterior mass in any 1/5m slice of the posterior distribution, the variance was declared positive (its highest posterior variance interval did not contain zero).
Relationship between Observable Variance Components and Causal Variance Components
Because all lines evaluated were inbred at least to the F 4 generation, we disregard here the possibility of dominance variance and assume traits depended only on additive and additive × additive gene action. There are consequently six relevant causal variances, two additive variances and four additive × additive variances. The additive variances are the variance among eff ects of alleles derived from the agronomic population (denoted V A A ) and the variance among eff ects of alleles derived from the β-glucan population (denoted V A B ). The additive × additive variances are the variances among eff ects of twolocus gametes wherein (i) alleles at both loci derive from the agronomic population (denoted V I AA ), (ii) the fi rst locus allele derives from the agronomic population and the second locus allele derives from the β-glucan population (denoted V I AB ), (iii) the fi rst locus allele derives from the β-glucan population and the second locus allele derives from the agronomic population (denoted V I BA ), and fi nally, (iv) alleles at both loci derive from the β-glucan population (denoted V I BB ). In addition to variances, the expected eff ects of alleles from the two populations are relevant. The additive eff ects of alleles from the agronomic and β-glucan populations are, respectively, α A and α B . By convention, their expectations are E(α A ) = -E(α B ) = α. The additive × additive interaction eff ects of alleles are similarly denoted ε AA , ε AB , ε BA , and ε BB , and by convention their expectations are E(ε AA ) = E(ε BB ) = -E(ε AB ) = -E(ε BA ) = ε. The variance among families can be deduced by considering the covariance between progeny lines within a family. The coeffi cient of coancestry between two lines within a family is 1/2 . If the sampled alleles of the two lines are identical by descent (IBD), there is a probability of 1/2 that the alleles derived from the agronomic parent and a probability of ½ that the alleles derived from the β-glucan parent. The covariance among lines within a family due to additive eff ects is consequently 1/2(V A A + V A B ). For additive by additive epistasis, the probability of IBD at two independent loci is ¼. If sampled gametes are IBD at both loci, there are equal probabilities that the gametes carry two agronomic alleles, an agronomic and a β-glucan allele, a β-glucan and an agronomic allele, or two β-glucan alleles. The covariance among lines within a family due to additive × additive eff ects is consequently 1/4(V I AA + V I AB + V I BA + V I BB ). To deduce the general combining ability (GCA) of inbred parents, consider the covariance between progeny that share that parent. Their coeffi cient of coancestry is 1/4, so that their covariance due to additive eff ects is 1/2V A A if the shared parent is agronomic and 1/2V A B if the shared parent is β-glucan. Similarly, their covariance due to additive × additive eff ects is 1/4V I AA if the shared parent is agronomic and 1/4V I BB if the shared parent is β-glucan. Subtracting the GCA components from the overall among-family variance gives the specifi c combining ability (SCA) of 1/4(V I AB + V I BA ). The among line within family variance can be obtained by deducing the overall among-line variance and subtracting the among family variance. Denoting the eff ect of a line by L and its genotype by G L , the overall line variance can be deduced by
where E(X|Y ) is the expectation of X conditional on Y. Considering single-locus additive eff ects, L can be inbred with probability F L , in which case it carries either two agronomic (G L = AA) or two β-glucan alleles (G L = BB), or L can be heterozygous (G L = AB) with probability (1-F L ). The fi rst term on the right hand side of Eq.
[5] requires calculating
The expectations for L conditional on the three possible genotypes are E(L|G L = AA) = 2E(α A ) = 2α; E(L|G L = BB) = 2E(α B ) = -2α; and E(L|G L = AB) = E(α A ) + E(α B ) = 0. Consequently, the fi rst term on the right hand side of Eq. 
. Contributions of additive eff ects to the variance of L are, therefore,
From that we must subtract the variance among families shown above to be 1/2(V A A + V A B ), and the variance among lines within families due to additive eff ects is
. A similar development for variances due to additive × additive eff ects shows that
From that we must subtract 1/4(V I AA + V I AB + V I BA + V I BB ), and the variance among lines within families due to additive × additive eff ects is 16(F L )
BA + V I BB ). The α 2 and ε 2 coeffi cients that enter into σ 2 L also appear in two other estimable parameters. In particular, given the definitions above, the expected value for an agronomic parent is E(Pop j = agronomic ) = P A = 2α + 4ε and E(Pop j = β-glucan ) = P B = -2α + 4ε, such that [E(P A -P B )] 2 = 16α 2 . Similarly, the expected value of the parental inbreds is E(P ijkm ) = P = 0α + 4ε, while the expected value of the progeny E(L iabcd ) = λ = 0α + 0ε, and λ = -4ε or λ 2 = 16ε 2 . Finally, because the inbred parent eff ects were random, and there were only 12 parents of each population, a small fraction of the variances among parents end up in these squared diff erences. A complete summary of the relationship between causal and observable variance components is given in Table 2 . Note that both the α and ε components are composite eff ects (Lynch and Walsh, 1998, Chap. 9) . The underlying parts of a composite eff ect may be nonzero but cancel each other out leaving the composite eff ect itself close to zero.
RESULTS AND DISCUSSION
As expected, for all traits agronomic parents were significantly diff erent from β-glucan parents (Table 1) . Parental lines selected for high β-glucan content were on average 56% higher in β-glucan than the agronomic lines. Conversely, the agronomic lines yielded on average 48% more than the β-glucan lines ( Table 1 ). Given that all progeny lines tested in this experiment derived from high β-glucan by agronomic crosses we expected evidence of linkage disequilibrium between alleles that increase β-glucan content and alleles that decrease yield. Such disequilibrium would express itself as a negative correlation between the two traits. While we did not formally evaluate the genetic correlation between β-glucan and yield, we observed that lines with the highest β-glucan content tended to show low rank for biomass and grain yield (Table 3) . Similarly, lines with the lowest β-glucan content tended to show high rank for the biomass and grain yield (Table 3) . Previous studies have not given a consistent picture of the correlation between β-glucan content and yield. A positive correlation between grain yield and β-glucan was observed in the generation means analysis of Holthaus et al. (1996) . Those results were supported by research conducted in Finland (Saastamoinen et al., 1992) , where a positive correlation between β-glucan content and grain yield among variety trials at eight locations for 2 yr was found. On the other hand, Brunner and Freed (1994) reported that correlations between groat β-glucan content and grain yield were mostly small or not signifi cant. Cervantes-Martinez et al. (2002) reported that one cycle of selection for greater β-glucan content did not change the mean of agronomic traits under study. However, the second cycle of selection resulted in signifi cant decreases in mean grain yield. Peterson et al. (1995) reported nonexistent or inconsistent correlations between β-glucan content and agronomic traits across years or nurseries. His conclusion was that β-glucan was not consistently correlated with any agronomic traits, and therefore there was little chance of undesirable shifts in other traits that would hinder the breeding process. Our study does not contradict these previous studies because the nature of our study material, consisting of lines derived from divergent parents, was diff erent from the nature of the material in these previous studies.
The progeny lines studied displayed a large range of β-glucan content from 37.1 to 73.5 g kg -1 (Table 3 ). This range is comparable to that of previous studies values between 30 and 80 g kg -1 (Aman and Graham, 1987) and between 22 and 62 g kg -1 (Beer et al., 1997) have been reported.
In our study, the relationship between fl our β-glucan content and fl our slurry viscosity was best linearized by taking the logarithm of slurry viscosity (Fig. 3) . Doehlert et al. (1997) found a linear relationship between β-glucan content and raw slurry viscosity. The β-glucan contents of the lines that they tested, however, only ranged from about 27 to 45 g kg -1
. The smaller range of β-glucan contents may not have allowed them to detect nonlinearity in the relationship. In support of a nonlinear relationship between β-glucan content and fl our slurry viscosity, however, they found an exponential relationship between fl our concentration in the slurry and slurry viscosity (Doehlert et al., 1997) . In that experiment, a two and a half-fold range of fl our concentration was used. From our data, the regression equation relating fl our β-glucan content and fl our slurry viscosity was log(RVA) = 2.91 + 0.035(β-glucan content), and gave a coeffi cient of determination r 2 = 0.38 (Fig. 3 ). Higher coeffi cients of determination have been obtained in previous studies (Doehlert et al., 1997; Colleoni-Sirghie et al., 2004) . Our study, however, was based on many more lines measured using more rapid techniques, as would be needed in a breeding program. The lower coeffi cient of determination in our study was therefore likely due to greater experimental error in the measurements rather than due to a diff erence in the importance of β-glucan in determining slurry viscosity. Nevertheless, our results suggest that viscosity may be used as a crude estimate of β-glucan content for the purpose of selection. It is equally interesting to note that viscosity displayed more transgressive segregrants than did β-glucan (Fig. 3) . In particular, only two progeny lines exhibited a β-glucan content outside of the range of the inbred parents whereas more than 12 lines exhibited viscosity outside the range of the inbred parents (Fig. 3) . Two factors may have contributed to the transgressive segregation shown for viscosity. First, in neither the agronomic nor the β-glucan population was viscosity an object of selection. Thus, both favorable and unfavorable alleles for viscosity might have been segregating in both populations. If favorable or unfavorable alleles recombined into single progeny lines, those lines could then be transgressive for viscosity. Second, while β-glucan content showed no evidence for epistatic interaction among alleles derived from the diff erent parental populations (Table 4 , specifi c combining ability), signifi cant variance for interaction eff ects was observed for viscosity. Epistatic interactions lead to reduced resemblance of progeny to their mid-parent values and thus increase the probabilities of transgressive segregation (Lynch and Walsh, 1998) . We also examined viscosity profi les of oat lines with high and low viscosity deviation (Fig. 4) . Note that, in these fi gures, the behavior of line IA03146-6 is of some concern because, after a sharp increase, its viscosity begins to decline (Fig. 4a) . In previous studies of the viscosity/β-glucan relationship, this type of decline has been attributed to the action of endo-glucanase enzymes (Colleoni-Sirghie et al., 2004) . In these previous studies, however, viscosity was measured for much longer periods than in our study (e.g., 4 h for Colleoni-Sirghie et al. [2004] , and three to 8 h in Doehlert et al. [1997] as compared to 10 min in our study). Furthermore, in those studies the eff ects of endo-glucanases was not observed before 20 to 30 min into the viscosity profi le. Finally, in a preliminary experiment to determine conditions for viscosity measurement, we had observed that the addition of silver nitrate (which inhibits endo-glucanases, Colleoni-Sirghie et al,. 2004) had virtually no eff ect on viscosity measurements (Chernyshova, 2006) . If endo-glucanases had had an important impact on viscosity deviation, one would predict that lines with negative deviations would initially show increases in viscosity (as a result of high β-glucan content) and then declines (due to endo- glucanases) before the 5 to 7 min interval during which viscosity was evaluated. This pattern was not observed in lines with negative viscosity deviation, which simply registered very little increase in viscosity over the profi le (Fig. 4b) . This observation suggests that endo-glucanases did not play an important role in determining viscosity deviation. Nevertheless, endo-glucanases could be a confounding factor in the measurement of the viscosity deviation, and we would recommend the inactivation of these enzymes before measuring viscosity. To our knowledge, the viscosity deviation and its application to improve oat functional properties have not been studied. Viscosity deviation may be useful to identify oat lines with valuable β-glucan structure/function properties that could be increased through breeding. Clearly β-glucan content strongly aff ects the viscosity diff erences between agronomic vs. β-glucan parental lines (Table 1) . To determine whether the agronomic lines have something to contribute to the improvement of viscosity, it is necessary to control for diff erences in β-glucan content. The diff erence in viscosity on a log scale between agronomic and β-glucan populations was 0.68, with a posterior probability of being zero or lower P(logRVA B < logRVA A | data) < 0.001. Once viscosity is adjusted for β-glucan content, however, the diff erence in viscosity between agronomic and β-glucan populations dropped to 0.15 with P(logRVA B < logRVA A | data) > 0.1. Similarly, loci segregating for alleles from either the β-glucan or agronomic populations generate an important component of the variance among progeny within families, and this variance is signifi cant for log(RVA) ( Table 4 ). This variance, however, loses signifi cance for the viscosity deviation because, while alleles from the β-glucan population increase β-glucan content, and thus viscosity, they apparently do not specifi cally aff ect viscosity through other paths than β-glucan content. Nevertheless, there was signifi cant genetic variation for viscosity deviation, as shown by the fact that the variance among families was of a similar order of magnitude as the variance for viscosity itself [Table 4, var(Fam) ].
For the traits β-glucan content, biomass and grain yield, there was a diff erence between agronomic and β-glucan populations in terms of the correlation between the performance of the parents and their breeding values, as measured by the mean values of the parent's progeny (Table 5) . Considering β-glucan content, the correlation was strong for the agronomic population (r = 0.75), but there was almost no correlation for the β-glucan population (r = 0.03). For biomass and grain yield, there was a slight negative correlation for the agronomic population (r = −0.08 for both traits), whereas for the β-glucan parent there was strong positive correlation (r = 0.90 and r = 0.87 for biomass and yield, respectively).
For log(RVA), heading date and height the correlation was positive in all cases and not signifi cantly diff erent between agronomic and β-glucan populations (Table 5 ). The pattern that revealed itself in these correlations is that the correlation was essentially zero for a trait/population combination where the trait had been specifi cally selected in that population. Since the correlations are a function of the additive genetic variances for traits, the low correlations for selected traits suggest that selection has depleted much of that variance. Table 4 shows genetic variances for the parental inbreds themselves, for the means of their crosses, and for the values of progeny within crosses. The general combining ability variances for the agronomic and β-glucan parents, σ were not clearly positive individually, although their sum var(Fam) was obvious (Table 4) . Plot basis heritabilities can be calculated from the data in Table 4 as 
